During cultivation in the presence of trehalose Streptomyces reticuli expresses an inducible, highly specific trehalose uptake system that is absent in Streptomyces lividans. A palmitated trehalose-binding protein was identified in the cytoplasmic membrane of mycelia, extracted with the detergent Triton X-100 and purified using a trehalose affinity matrix. Immunological studies showed that within S. reticuli the synthesis of the ATP-binding protein MsiK is induced by trehalose. The data suggest that MsiK assists the trehalose ABC transporter, like the previously described ABC transport systems for maltose and cellobiose/cellotriose, respectively. ß
Introduction
Trehalose (K-D-glucopyranosyl-K-D-glucopyranoside) is a non-reducing disaccharide that has been found in many organisms able to withstand almost complete desiccation, including bacteria, fungi, protozoa, plants and invertebrates [5, 30] . Trehalose serves as storage carbohydrate and is one of the most e¡ective substances, known to protect membranes against the deleterious e¡ects of dehydration, most likely by interaction of the hydroxyl groups of trehalose with the phosphate head groups of the phospholipids [2] [3, 16] . Moreover trehalose functions in Escherichia coli as an osmoprotectant under conditions of high osmolarity [17] and is involved in the process of thermotolerance in Saccharomyces cerevisiae [22, 27] .
Streptomyces are soil bacteria and are thus constantly subjected to the stresses of desiccation and temperature £uctuation. Dormant spores of Streptomyces griseus were shown to contain large amounts of trehalose [4, 18] . The disaccharide is degraded very slowly during the period of dormancy, but is rapidly metabolized by the action of trehalases following the onset of vegetative growth [19, 20] .
Active uptake systems for trehalose have been characterized in E. coli, Vibrio parahaemolyticus and Bacillus subtilis, acting as phosphoenolpyruvate sugar phosphotransferase (PTS) transporters [8, 13, 14] , whereas in S. cerevisiae an H -trehalose symporter has been described [28] . In the hyperthermophilic archaeon Thermococcus litoralis a binding protein-dependent ABC transporter for trehalose and maltose has recently been identi¢ed [10, 34] . The family of prokaryotic-binding protein-dependent ABC transport systems comprise two membrane proteins, forming the permeases, a dimeric ATP-binding protein and a substrate-binding protein located outside the cytoplasmic membrane [1, 9] . Contrary to Gram-negative bacteria, in Gram-positive and archaea bacteria the substrate-binding proteins are anchored by their lipidated N-terminus [29] .
Recently an inducible, binding protein-dependent ABC transporter highly speci¢c for cellobiose and cellotriose from Streptomyces reticuli [26] has been described. A cellobiose/cellotriose-binding protein (CBP) was shown to be a lipoprotein anchored to the cytoplasmic membrane. The structure genes for the CBP-binding protein and two corresponding permeases were found linked within one operon lacking a gene for an ATP-binding protein [24] . Additional studies showed that the ATP-binding protein MsiK assists transport systems for cellobiose and maltose, respectively [25] .
The data presented in this report reveal that S. reticuli has an inducible binding protein-dependent uptake system for trehalose which cooperates with the ATP-binding protein MsiK.
Materials and methods

Strains and growth conditions
The S. reticuli Tu « 45 strain described by Wachinger et al. [31] , was obtained from H. Za «hner, Tu « bingen, Germany, and S. lividans TK24 was from D.A. Hopwood, Norwich, UK. Both strains were cultivated by shaking at 160 rpm in pH-stable minimal medium supplemented with the appropriate carbon source glucose (50 mM) or trehalose (30 mM) [32] and 0.1% (w/v) casamino acids. Monitoring of Streptomyces growth was done by determination of the mycelial dry weight. Cultures (10^50 ml) were ¢ltrated through NC45 membranes, subsequently heated for 3 min at 700 W in a microwave and the mycelial dry weight on the NC45 membranes was calculated.
Trehalose-uptake assays
The Streptomyces strains were cultivated for 16 h at 30³C and mycelia were washed twice in 50 mM potassium phosphate, pH 7.0 (bu¡er A), adjusted to 1 mg dry weight per ml and kept aerobically at 30³C [26] . [ 14 C]Trehalose (speci¢c activity of 18.5 GBq per mmol) was added at varying concentrations. After incubation for di¡erent time periods, mycelia were obtained by ¢ltration and washed with 2 ml of chilled bu¡er A. The rates of trehalose uptake were calculated from the initial uptake values up to 60 s after addition of [ 14 C]trehalose.
Labeling of lipoproteins
S. reticuli (about 10 7 spores in 50 ml pre-grown in minimal medium for 16 h) were washed with minimal medium and resuspended in fresh medium. After the addition of [1- 14 C]palmitic acid (0.11 MBq ml 31 , Amersham Pharmacia Biotech, Freiburg, Germany), growth was continued for 1 h. Mycelia were harvested, washed twice with bu¡er A and cells were lysed by sonication (5U30 s in a Branson soni¢er 250, Microtip 6, 50% duty). Soluble proteins were separated by centrifugation (200 000Ug for 20 min). Proteins of the sediment, considered as crude membranes were solubilized for 30 min at 4³C by shaking in 1 ml of potassium phosphate bu¡er, pH 7.0, containing 0.5% Triton X-100, and freed from insoluble material by high-speed centrifugation (200 000Ug for 20 min). The supernatant contained the Triton X-100 solubilized membrane proteins. After separation by SDS^PAGE (10% polyacrylamide), labelled proteins were identi¢ed by autoradiography (Kodak Biomax MR ¢lms) of a dried gel.
Puri¢cation of the trehalose-binding protein
About 1 mg solubilized membrane proteins (from S. reticuli mycelia grown with trehalose) were incubated for 1 h at 4³C with 200 Wl epoxy-activated Sepharose 6B (Amersham Pharmacia Biotech, Freiburg, Germany) in a volume of 1 ml, coupled to trehalose in a batch procedure (20 mg ml 31 Sepharose 6B in 50 mM carbonate bu¡er, pH 11.5). Unspeci¢cally bound proteins were removed by washing in 50 mM potassium phosphate bu¡er, pH 7.0, containing 0.05% Triton and the trehalose-binding protein was eluted in the presence of the same bu¡er, supplemented with 10 mM trehalose.
Trehalose-binding assay
Trehalose binding was determined by a ¢lter-binding assay according to the established method of Richarme and Kepes [23] . Samples (100 Wl) were mixed with [ 14 C]trehalose (¢nal concentration 20 nM) and incubated at 30³C for 10 min. Proteins were precipitated by adding 2 ml prechilled saturated ammonium sulfate and ¢ltrated. The radioactivity retained on NC45 ¢lters was determined by scintillation counting.
Determination of trehalase activity
Mycelia of Streptomyces grown on glucose or trehalose were washed in bu¡er A and disrupted in the same bu¡er by sonication. The crude mycelial extracts (100 Wg of protein in 50 mM Tris^HCl, pH 7.4) were incubated with 10 mM of trehalose in a total volume of 100 Wl for 4 h. Portions of 5 Wl were boiled for 5 min, centrifuged for 10 min at 10 000Ug and subjected to thin-layer chromatography. The thin-layer silica gel plate (silica gel 60, Merck) was run for 4 h in 2-propanol^1-butanol^water (12:4:4; (v/v/v)). The saccharides were visualized by spraying the plate with 20% H 2 SO 4 (v/v) in methanol, and heating it for 15 min at 150³C.
Immunological detection of MsiK
Crude mycelial extracts were separated on a SDS^poly-acrylamide gel containing 10% polyacrylamide [15] . Western blot analyses were conducted as described [24] using a 1:10 000 dilution of antibodies raised against his-tag MsiK.
3. Results and discussion 3.1. Physiological studies and trehalose uptake S. reticuli uses both glucose and trehalose as sole carbon source for growth. S. lividans, in contrast, grows well with glucose, but poorly with trehalose suggesting the absence of the corresponding uptake system.
Trehalose-grown S. reticuli showed high a¤nity and low rates of trehalose uptake (K m of 0.2 WM and a V max of 35 pmol per min and mg dry weight (Fig. 1B) ). The a¤nity of the transporter to trehalose is about 20-fold higher com-pared to the K m of maltose uptake in this strain, whereas the V max value of trehalose uptake was comparably low (V max of 0.8 nmol per min and mg dry weight for maltose uptake [25] ). No trehalose accumulation was detected in glucose grown S. reticuli mycelia or in S. lividans pregrown on trehalose (supplemented with casamino acids, data not shown), revealing that the inducible trehaloseuptake system is absent in S. lividans. The trehalose-uptake rate was signi¢cantly inhibited by N-ethylmaleimide (Fig. 1A) and by a 100-fold excess of non-labelled trehalose (96 þ 3%), but not by other sugars such as maltose, maltotriose, lactose, sucrose, cellobiose or glucose. As the inducible, speci¢c trehalose uptake was inhibited by the sulfhydryl reacting agent N-ethylmaleimide, an involvement of a protein containing a cysteine group, like the ATP-binding protein MsiK, which is an essential component of di¡erent ABC transport systems was assumed.
In vivo labelling of lipoproteins with [1-14 C]palmitic acid
When S. reticuli was cultivated with trehalose and [1-14 C]palmitic acid, a 45-kDa protein within the membrane fraction was predominantly labelled (Fig. 2, lane 3) . This protein was absent during growth with glucose (Fig. 2,  lane 1 ). Using Triton X-100, the labelled 45-kDa protein could be extracted from the membrane fraction (Fig. 2,  lane 4) . If S. reticuli was grown in the presence of trehalose, [1- 14 C]palmitic acid and globomycin (75 Wg ml 31 ), which is known to inhibit the processing of lipoproteins [12] , the molecular mass of the labelled protein increased to 47.5 kDa (Fig. 2, lane 5) due to the expected uncleaved signal peptide. The data suggest that the 45-kDa protein is a lipoprotein that is produced in the presence of trehalose.
Puri¢cation of the trehalose-binding protein
The trehalose-binding protein was puri¢ed by trehalosea¤nity chromatography as previously reported for the H -trehalose symporter from S. cerevisiae [6] . Only small quantities of a protein of 45 kDa bound to the matrix ; they were eluted with bu¡er supplemented with trehalose ( Fig. 3 ), but not with glucose, cellobiose or maltose. Using [ 14 C]palmitate plus trehalose grown mycelia for puri¢ca-tion, small amounts of a 45-kDa, radioactively-labelled protein bound to the column and could be eluted in the presence of trehalose. By trehalose ¢lter assays it was shown that membrane proteins prepared from trehalosegrown S. reticuli possesses a trehalose-binding activity that was absent in S. lividans (Table 1 ). The decrease (up to 90%) of the trehalose-binding capacity occurred during the extraction of the S. reticuli membranes with each of the used detergents. The trehalose-binding activity was not due to endogenous trehalase which was not detected in membrane proteins. These data suggest that S. reticuli synthesizes a lipid-anchored trehalose-binding protein.
Like the previously described binding protein for cellobiose/cellotriose, the binding protein for trehalose is abundant in the cytoplasmic membrane. In contrast to the protein binding cellobiose/cellotriose [26] , only small quantities of the trehalose-binding protein could be obtained under several test conditions. Moreover, solubilized protein had a low binding capacity for trehalose; if this was due to a possible tight binding of trehalose during the extraction procedure is di¤cult to ascertain without antibodies. Initial attempts to purify the Triton X-100 solubilized trehalose-binding protein via anion or cationexchanger were not successful, since the protein failed to bind to these matrices, independent of pH and ionic strength, suggesting a weak net charge on the surface of the protein. Replacement of Triton X-100 by N-dodecylmaltoside, N-octyl-glucoside, Tween 20, nonanoyl-Nmethylglucamide (MEGA-9) or CHAPS did not improve binding of the studied protein to any ion exchanger.
Induction of MsiK synthesis
The ATP-binding protein MsiK [25] [11] deduced from the corresponding gene, contained the Walker (ATP) binding motif, including a cysteine residue which is predicted to interact with the sulfhydryl agent N-ethylmaleimide (see above). Previously it was shown that di¡erent saccharides (such as cellobiose or maltose induce the synthesis of MsiK in S. reticuli and S. lividans [25] . However, during cultivation with trehalose as carbon source, enhanced levels of MsiK were immunodetected in S. reticuli, but not in S. lividans (Fig. 4) . To support the MsiK-dependent trehalose uptake, experiments to construct a msiK de¢cient mutant in S. reticuli were performed. In contrast to S. lividans, di¡erent attempts using transformation or conjugation experiments failed, because S. reticuli harbors an e¤cient DNA restriction system that prevents the uptake of any DNA that was not modi¢ed by this strain.
Conclusions
The studies prove the existence of a trehalose-uptake system in S. reticuli, but not in S. lividans and substantiate the assumption that this transporter acts as a binding protein-dependent ABC-transporter : (i) the trehalose uptake is highly speci¢c and inhibited by N-ethylmaleimide. The fact that high amounts of MsiK are synthesized during growth with trehalose suggests that this ATP-binding protein cooperates with an ABC transport system for trehalose in S. reticuli. A recently discovered uptake transport system from Thermococcus litoralis transports both maltose and trehalose [34] . The corresponding operon encodes the trehalose/maltose-binding lipoprotein and two permeases, but lacks a so far unknown gene for an ATP-binding subunit [10] . Inspection of the genomic sequence from the Synechococcus strain sp. PCC6803 revealed that the gene ggtA determining an ATP-binding protein is not linked to other genes required to encode an ABC transporter [7] . A disruption of the ggtA gene leads to the formation of a mutant, whose uptake capacity for glycosylglycerol, trehalose and sucrose [21] was disturbed. These data suggest that some ATP-binding proteins speci¢c for disaccharides assist not only one, but several ABC transporters.
The well-characterized Streptomyces MsiK will in future serve as a kind of prototype of ATP-binding proteins, since it cooperates with several transporters, including those for maltose and cellobiose/cellotriose [25] and trehalose. In comparison with the E. coli homologue MalK [33] , which interacts via a small predicted helical domain only with the permeases of the maltose ABC transporter, it will be of prime interest to de¢ne region(s) within MsiK recognizing permeases from di¡erent sugar ABC transport systems.
